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I, TINTRODUCTION

High electron emission currents from tungsten dispenser cathodes are
achieved when a film of bariumn and oxygen is present on the emitting surface
{1-3]. To maintain this film at operating temperatures, the continuous loss
of barium resulting from evaporation must be compensated for by the transport
of fresh barium from the porous tungsten matrix in which it has been impreg-
nated [4]. Surface diffusion and evaporation are important, both in the
spreading of the barium over the emitting surface and in the flow inside the
pores. Our studies have been directed toward the development of a detailed
model of the mechanics of these processes and the clarification of their

effects on dispenser cathode operation and design criteria.

Nabgtac s fop o




LRIt N i85 e A

I1. THEORETICAL CONSIDERATIONS

A. TRANSPORT OVER THE EMITTING SURFACE

An idealized version of a pore that opens onto the emitting cathode
surface is shown in Figure 1., The barium distribution on the surface itself
is described by the differential equation

® _FT.pve-06"/1,0¢1 (1)

where

6 = coverage with 6 = 1 corresponding to one nonolayer
D = coefficient of surface diffusion

T = mean residence time before a barium atom desorbs from the
surface when 6 = 1

Y = an empirical factor = 4.5 [5]

This equation states that the time evolution of the coverage is governed by a
diffusion-controlled supply and an evaporation-controlled loss, with the ex-
pression for the latter as proposed by Langmuir and verified by many others
[5). We confine 6 to values less than or equal to 1, because most of the in-
vestigators have reported submonolayer-to-monolayer coverage of barium on the

emitting surface of impregnated cathodes [1,6].

Under quasi-equilibrium conditions, d8/dt = 0, the coverage is determined

by the equation
- S
VeDVO =— (2)
T

For a surface with a random array of pore openings, this equation must be
solved numerically. However, we can obtain some understanding of the expected
behavior of 6 if we treat the simpler case of an isolated, one-dimensional

pore and take D as independent of 6. Thus, Eq. (2) becomes
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If we impose the boundary condition that 8 = 1 at x = 0 (at the lip of the

pore), we obtain the solution

-2
(y = 1) x| v

JE—(Y + 1) L

where we have introduced the critical length parameter L by

6 =11+ (4)

L =,/Dt (5)

Equation (4) is plotted in Figure 1. As defined, the parameter L is the
average distance a barium atom will travel along the surface before it desorbs

when 6 = 1,

From Eq. (4) it is evident that 8 is dependent only on the ratio x/L.
Thus, the distribution profile scales in the x direction with L. This scaling
behavior is also found in the more realistic situation of two dimensions with
D dependent on 6. In this case, if we write D(6) = Df(8), f(1) = 1, it is
easy to show that in the two-dimensional differential equation, Eq. (2), the
distance paraneter scales with L =/Dt. From this observation, we mnake our
first conclusion: the average coverage on a cathode surface that contains an
array of pores is a function of the ratiov/5¥7d , where d is the average

spacing between the pores.

In addition to the average coverage, a parameter of interest for cathode

operation is the recovery time 71 This is the time required for a cathode to

R.
recover from a transient loss of barium. For a svystem of pores that are
spaced close enough so that /Dt > d , yielding 6 = | everywhere, the recovery
time 1is proportional to the time required for a barium atom to cover the

distance d/2. Thus, under these conditions, we expect to have




2
(a/2)
) (6)

The supply rate required to maintain the equilibrium condition described

by Eq. (4) is given by

do
J (atoms/sec) = -a D I 7

where a is the number of atoms per unit surface area that correspond to a

monolayer. The derivative is easily evaluated from Eq. (4)

(8)

[
~|o

In the case of multiple pores, the required flow rate per pore will be
less than that given by Eq. (8). A system of pores will produce a coverage
more uniform than that of Eq. (4), yielding a smaller value for d8/dx.
However, the total flow from all the pores must increase as their density
increases, because for smaller values of d, the inter-pore spacing, higher
values for & will result. Thus, the evaporation rate, given by GY/r, will be

greater, and a greater net replenishment rate will be required.

Equations (4), (6), and (8) indicate the importance of the parameters

D, T, and d to the operation of a dispenser cathode.

B. TRANSPORT INSIDE THE PORES

With the passage of time, the barium in the porous matrix will gradually
be depleted by evaporation, requiring the barium to be transported from ever
greater depths before it reaches the pore opening. Rittner [3] has presented
a model of internal transport based entirely on vapor transport by Knudsen
flow. It is our intention to demonstrate that surface diffusion along the
internal walls of the pores is probably the dominant transport mechanism. The
issue is significant, since Knudsen flow is proportional to the pore radius r,
whereas diffusive flow is inversely proportional to r. Thus, these mechanisms
would have a different impact on the cathode design criteria concerning

porosity.

2 shebs
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Knudsen flow through the pores is described by

—
o< A 2
Y 3 n MkT

where dP/dz 1is the pressure gradient in the direction of flow, z, and M, k,

dp
dz

(9

and T have their usual meanings., In comparison, surface diffusion, in ternms

of atoms per cross sectional area of the pore, is

(10)

In order to compare these two flow rates, we assume that the two tvpes of
flow occur independently of one another. This means, in particular, that
there is no net exchange of barium between the vapor and the condensed phases
along the pore (except at the source end). Conservation of mass requires both

Jy and Jp to bhe independent of z, Therefore, both P and 6 are linear with z,

Jo o= = = an

Jj = br 2 PS _ P° (12)
v 3 T MkT 2 -

where £ is the distance from the active source of barium to the pore opening,

and

s is the source end inside the pore, and o is the open end of the pore. We

expect that 8 - 608 > 1 and P > 0. Thus,
s o o

2aD
JD > ey (13)
4r 2
Yy <3¢ vkt Fs (14)
11




L s At o B A4 e <R e G 515

In the case of Knudsen flow, the vapor atoms must eventually bhe inter-

cepted and adsorbed on the current-enitting surface of the cathode before they

the effective flow is

can be of anv use in lovering the work function. Thus,

Jj =0l =R J,0<0< 1, 0<RCI (15)

where g is the fraction of vapor atoms that strike the surface, and R is the

fraction that is reflected without sticking.

e expect the pressure at the source end of the pore, PS, to be less than

the equilibrium vapor pressure, P,, of the barium. Thus, at equilibrium,

balancing the number of atoms that are leaving the condensed state

(6 > 1) with the number arriving vields the relation

1 - R P > 1 -R P (16)

J2 okt & /2w kT °

a—
T

or

2n MkT % (17)

Ps < 1 -R

Fquations (13), (14), (15), and (17), with L =Dt , yield

J 2

o 3 Dt 13 /L

7 "57 &) (18
bor

The maintenance of an adequate layer of barium on dispenser cathodes

would imply that, at the very least, L > 2r. Thus, we expect that

[

D

—_—
e
v

sy, 0<a < (19)

ajw

Equation (19) indicates that surface diffusion is the dominant internal

transport mode.,




11I. LABORATORY MEASUREMENTS OF DIFFUSION

A. METHOD OF INVESTIGATION

Our measurements were made to determine the rates of diffusion and evapo-
ration of monolayers and submonolayers of barium on tungsten surfaces and to

establish how these rates are affected by parameters such as the density of

crystal grain boundaries and the concentration of impurity atoms. Although
much work has been performed to evaluate the evaporation characteristics of
bariumn on tungsten [7,1], less has been done to measure the diffusion coef-
ficient. Furthermore, previous measurements of D still leave unanswered
questions because of experimental constraints. Field emission microscopy
studies [8,9], for example, have been confined to oxygen-free surfaces and do
not yield a well-defined value for D near 8 = | because of geometric con-
straints. Furthermore, values for D measured at low coverages (B << 1) are
of limited value in gaining an understanding of the behavior at higher cover-
ages {10]. Techniques that are based on the measurement of work function
¢ {11, 12}, however, do not measure 6 directly but rely on empirical relation-
ships between ¢ and O which are dependent on impurity concentrations. Our
technique, which makes use of a scanning Auger microprobe (SAM), permits the
direct observation of barium diffusion on well-defined samples in the presence

of oxygen and other elements.

The technique that we are using involves monitoring the smearing out of
an initial step-function distribution of barium on a tungsten coupon. The !

initial distribution is prepared by masking one-half of a tungsten coupon

while barium is deposited on the other half by vapor deposition. The barium
is deposited to a thickness of approximately one monolayer (6.2 x 1olé
atoms/cmz) as monitored with a quartz crystal microbalance. With subsequent

heat treatment, the smearing out of the initial coverage discontinuitv pro-

vides a measure of D, while the decrease in the coverage in the plateau region

(Figure 2) permits a determination of T.

e -
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In particular, if the diffusion occurred without appreciable evaporation,
an analysis of the final coverage profile (6 versus distance) can yield the
dependence of the diffusion coefficient on 8 with the use of the Boltzman-

Matano equation [13]

C] . (20)
1/2t feox de
D(e) = -
(d8/dx) . _o
with
®
feo x d8” = 0 1)

Since the SAM can detect low concentrations of elements on the tungsten
surface, this technique also permits us to search for correlations between
diffusion and evaporation rates and the presence of impurity elements. The
impurity concentrations must be monitored while the diffusion is taking place,
which necessitates the construction of a suitable hot stage for use in the
SAM. Although we have constructed such a stage, our measurements, to date,
have been of coupons with which the diffusion took place in a separate vacuun

chamber prior to analysis.

The diffusion experiments were carried out on pure tungsten. The tung-
sten was either in the form of thin foils (6 mm on a side) or single crystal
disks (6 mm in diameter). The tungsten was cleaned by the following

procedure:

1. Immerse for 3 to 5 minutes in hot (150°C) trichloroethylene bath

2. Perform 3 to 5 minute ultrasonic cleaning in acetone and xylene

[ R

3. Rinse with acetone

4, Perform 3 to 5 mninute ultrasonic cleaning in a solution of
“"Microwash"

S Rinse with hot distilled water

6. Blow dry with N, gas

7. Heat samples to 1000°C for one hour in vacuum (10_4 N/mz)

Subsequent to this cleaning, the barium was vapor deposited on one-half

of the sample. The barium was deposited to a thickness of approximately one

15




monolayer (6.2 x 1014 atom/cmz) as monitored with a quartz crystal microbal-
ance. Both the vapor deposition and the subsequent diffusion were carried out
in a bell jar pumped with an oil diffusion pump. The vacuum was on the order
of 2.5 x 1074 N/m?.

The diffusion was carried out by placing the samples on a quartz sub-
strate, which was mounted directly above a graphite heating element. In this
geometry, the sample is not in an enclosure, i.e., the region above the sam-
ples is open. Thus, evaporated barium atoms should condense on room tempera-
ture surfaces in the bell jar and not be re-emitted back toward the sample.
The graphite heater was designed to provide uniform heating over a square area
4.0 cm on a side. The temperature of the sample during the diffusion was de-
termined by monitoring a chromel-alumel thermocouple that was spot welded to
an identical sample. This latter sawmple was placed next to the diffusion

sample.

Diffusion experiments have been performed at 900 and 950°C. These are
100 to 150°C lower than typical cathode operating temperature. Higher temper-

ature measurements are planned with the use of the in~situ hot stage.
B.  RESULTS

Our measurements were performed on polycrystalline tungsten foils (99.95%
pure) and on polished, annealed tungsten single crystals. The (110) orienta- ?
tion was chosen for the latter, since that is the predominant orientation for
polycrystalline tungsten. On the surface, in addition to the barium, oxygen,
and tungsten, SAM measurements at room temperature reveal the presence of car~
bon, silicon, calcium, and nitrogen impurities, with only trace amounts (<2%)

of calcium and nitrogen. Carbon is not expected to be present at diffusion

temperatures but forms as an overlayer only upon cooling [6]. We hope to re- !

duce silicon impurity levels by use of more exacting preparation techniques.

Maps of the barium distribution, as obtained from the SAM, in which
brighter images correspond to greater barium concentrations, are reproduced in
Figures 3 through 5. Figure 3 is a barium map of an unheated sample that
displays the initial discontinuity. In addressing the effect of heating, we
will discuss Figures 4 and 6 first, and then Ffigures 5 and 7. In Figures 4

16
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B

Fig.

3.

SAM Map of an Unheated Coupon Indicating lInitial

Discontinuity in Barium Coverage
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Fig.

4,

SAt Barium Map of a Heated Coupon
Exhibiting Gas-Like Diffusion




Fig.

5.

SAll Barium Map of a lleated Coupon
Exhibiting Liquid-Like Flow
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Fig. 6. Barium Distribution Profile for the
System of Figure 4

.

100 pm

Fig. 7. Barium Distribution Profile for the
System of Figure 5
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and 6, we see a pattern typical of diffusive flow. The initial step-function
distribution has smeared out uniformly in a manner describable by the

diffusion equation

a8
= = = [p(8) 3;} (22)

with a concentration-dependent diffusion coefficient. Since the evaporative
loss was negligible for this particular case, Boltzman-Matano analysis of the
profile of Figure 6 can be used to determine D(8). This is displayed in the
data points of Fipure 8. In this figure, there is considerable scatter to the
data for B8 € 0.1 because of the very weak Auger signal. The downturn in D(8)

for 8 < 0.1, therefore, may not actually exist,

Diffusive flow, as described by Eq. (22), indicates a system of atoms
that are not mutually attractive to any significant degree. In fact, for
8 > 0,1, the dependence of D(8 ) is closely described by Eq. (23) (solid line
in Figure 8),.

-9 1-6
)

D = 6.75 x 10 cn>/s (23)

The form of this equation was derived for the case of a two-dimensional gas at
temperatures above its critical point {(14]). Thus, we can think of this type
of transport as that of a two-dimensional gas in which the individual atoms
tend to move independently of each other (except when they get in each other's

way).

In contrast, the type of movement exhibited in Figures 5 and 7 cannot be
described by Eq. (22). The barium film has clearly moved about over the
tungsten coupon, as is evident in Figure 5 from the irregular edge (which was
initially straight as in Figure 3). However, the edge has not smeared out
appreciably, i.e., there is still a relatively sharp step distribution. These
observations imply that the barium atoms in this case are mutually attractive
and are in a condensed phase. This transport of barium can be described as

that of a very thin 1liquid film moving on a surface.

21
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Fig. 8. D versus 8. Data points are obtained by performing a
Boltzman-tlatano analysis of the profile of Figure 4,
Solid line is plot of Eq. (27)
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Work is in progress to search for correlations between the observed types
of barium transport and such surface parameters as impurity concentrations and
grain boundary density. The former requires the use of a heatable SAM stage
for concurrent measurements of diffusion and chemical compositions. Sore

studies on the latter, however, have been performed with negative results.

Two of the tungsten foils were annealed at 1500°C for three hours so
larger crystals (~ 30 ym diam) could be grown, greatly reducing the grain
boundary density on these coupons. A comparison of the diffusion and
evaporation rates for these coupons with those of the normal foils (crystal
size < 2 um diam), with both types being heated simultaneously, indicated that
there was no significant influence of grain boundary density on these pro-
cesses. Also, both types of flow have been observed on both the polycrystal-

line foil and the single crystal coupons.
C. ANALYSIS

There are two types of barium transport on tungsten. A possible explana-
tion for this behavior is that the surface transport is affected by the pre-
sence of some additional element. Oxygen is a likely candidate. Its relative

abundance could control barium transport in the following way.

If the tungsten surface were not heavily oxidized (i.e., not wo3), a

reaction such as

Ba0 + W > Ba + ¢ o o

or

BaO + WOZ + Ba t+ o ¢ o
could take place, as suggested previously [15]. This reaction should produce
barium ions whose mutual repulsion would cause them to disperse in the same
manner as a two-dimensional gas. The reaction would not occur if the tungsten
were already in the form W03, The absence of the reaction would not of itself
result in liquid-like flow. However, the phase diagram of the system (Bao)x
(wo3)l_x reveals a low melting temperature (935°C) eutectic for x = 1/4 [16].
Thus, were the tungsten surface to be heavily oxidized, a liquid surface film
of the above composition would form above 935°C. This would account for the

liquid-like flow pattern we have observed.
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LABORATORY OPERATIUNS

The Laboratcry Operations of The Aerospace Corporation is conducting exper-
tmental and theoretica! investigations necessarv for the evaluation and applica-
tion of scientific advances to new amilitary spasce systems. Versatility and

lexibility have been developed to a high degree by the laboratory personnel in
deal. .w with the many problems encountered in the nation's rapidly developing
space svstems. Expertise {n the latest sctent{fic developments {8 vital to the
accomplishment of tasks related to these probless. The laboratories that con-
tribute to this research are:

Aerophvsics Llaboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistrv and fluld mechanfcs, structural mechanics, flight
dvnamics; high-temperature thermomechanics, gas kinet{cs and radfation; research
{n environmental chemfstry and contamination; cw and pulsed chemical laser

development including chemical kinetfcs, spectroscopv, optical resonatars and
beam pointing, atmospheric propagation, laser effec:, and countermeasures.

Chentstry and Phvsics Laboratory: Atmospheric chemfcal reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materjals
and detectors, atomic frequency standards, and biloenvironmental research 3:d
monftoring.

Electronics Research Laboratory: Microelectronics, GaAs low-noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phencmena, quantum electronics, laser communications, lidar, and electro-optics;
communication sciences, applied electronics, semiconductor crystal and device
physics, radtometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance~sensitive system “desirn, distributed architectures for
spaceborne computers, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

Materials Sciences Laboratory: Developnent of new materfals: metal matrix
composites, polymers, and new forms of carbon; component failure analysis and
reliability; fracture mechanics and stress carrosion; evaluation of materials in
space environment; materials performance in space transportation systems; anal-
veis of systems vulnerabtlity and survivability in enemy-induced environments.

Space Sciences Laboratory: Atmospheric and fonospheric physics, radfatfon

from the atzosphere, density and composition of the upper atmospher:, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation of
plasma waves in the magnetosphere; solar physics, infrared astronomy; the
effects of nuclear explosions, wmagnetic storms, and solar activity on the
earth's atmosphere, {onosphere, and oagnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.




